Potassium (K) and phosphate (Pi) are both macronutrients essential for plant growth and crop production, but the unrenewable resources of phosphorus rock and potash have become limiting factors for food security. One critical measure to help solve this problem is to improve nutrient use efficiency (NUE) in plants by understanding and engineering genetic networks for ion uptake, translocation, and storage. Plants have evolved multiple systems to adapt to various nutrient conditions for growth and production. Within the NUE networks, transport proteins and their regulators are the primary players for maintaining nutrient homeostasis and could be utilized to engineer high NUE traits in crop plants. A large number of publications have detailed K + and Pi transport proteins in plants over the past three decades. Meanwhile, the discovery and validation of their regulatory mechanisms are fast-track topics for research. Here, we provide an overview of K + and Pi transport proteins and their regulatory mechanisms, which participate in the uptake, translocation, storage, and recycling of these nutrients in plants.
Introduction
Potassium (K), phosphorus (P), and nitrogen (N) are macronutrients essential for all organisms and are referred to as the 'three essential elements' in agriculture for their vital roles in crop production. A constant and stable supply of fertilizers is one of the critical factors that support agricultural production. While nitrogen fertilizers can be made through chemical synthesis of ammonium from N 2 , and some plants form symbionts with microbes to fix N 2 for their growth (Banik et al., 2016) , K and P are emerging as challenges to sustainability due to their limited natural reserves and uncertainties in their supply. Although K is the seventh richest element in the Earth's crust (Wedepohl, 1995) , the soluble K (K + ) levels are very low in farming soils and fresh waters (Maathuis, 2009; De Carvalho et al., 2014) . Especially in weathered acidic soils where K + is easily washed away, crop production relies heavily on fertilizers, in the form of potash that is mined from sedimentary mineral deposits (Zörb et al., 2014) . The oceans contain large amount of K + ; however, the extraction process is complex and expensive (Kielland, 1971) . It has been estimated that total potash reserves (9500 million tons) will be depleted within 300 years if the consumption of K fertilizer remains the same rate (30-40 million tons year -1 ) as it is today (Jasinski, 2012) . Inorganic phosphate (Pi), the major available P nutrient for plant growth, can occur at low levels in either acidic or alkaline soils (Plaxton and Tran, 2011) . The phosphorus rocks used for fertilizers are limited in supply and are regarded as a non-renewable resource (Vance et al., 2003) . P scarcity will be a serious problem for agriculture with the imminent depletion of global phosphate rocks (which are estimated to be used up in less than 100 years) (Gilbert, 2009; Fixen and Johnston, 2012) . Thus, K + and Pi reserves cannot keep up with the fast-growing demand of agriculture in the context of an explosive growth of the world's population. In the near future, shortages of available K and P will become a limiting factor for crop production and food security (Tilman et al., 2011; Roy et al., 2016) . One solution to help solve this problem is to improve nutrient use efficiency (NUE) in crops through understanding and engineering the genetic networks of nutrient uptake, translocation, storage, and recycling.
The distribution of minerals in the soil is uneven and dynamic. To survive natural selection, plants have evolved genetic mechanisms to cope with constantly changing availabilities of K + and Pi in the environment. In agriculture, different types of crops may also adopt different nutrientdemanding policies during various development stages. For example, a fiber crop such as cotton is usually more sensitive to K + deficiency than other crops , whereas oil crops such as soybean probably need more Pi than cereals, especially during the podding stage (Li et al., 2011) . However, domestication and commercial crop production have often selected plant species that produce high yields with large supplies of fertilizers. This practice may have selected against those traits related to high NUE. The current challenge for plant biologists is to identify those genes associated with high NUE and put them to use in newly bred elite crop species (White et al., 2010; Ding et al., 2012) .
As two major essential mineral nutrients for plant growth, both K and P are available to plants in the ionic form (K + and Pi). Both ions can be transported into root cells by an active, high-affinity system coupled to the transmembrane electrochemical H + gradient. However, channel-like proteins have also been found for K + transport, but not yet for Pi transport (Hirsch et al., 1998) . For K + , an element that remains in the ionic form in all living cells, effective uptake and movements within the organism will be the key to its use efficiency. Therefore, dissecting the mechanism of K + transport and regulation will be crucial to understanding the molecular basis for K + use efficiency. For Pi, although it can be metabolized into other compounds, research on its uptake and transport is still an important step to understanding its use efficiency.
In this review, we focus on K + and Pi transport proteins and the regulators that play significant roles in controlling their uptake and movements. We aim to briefly summarize the available information on genetic networks that control the transport of these nutrients, including initial uptake by roots from the soil, further translocation from roots to above-ground tissues, storage, and recycling of the nutrients under various environmental conditions. We will also provide perspectives on the further pursuit of emerging questions in this field.
K + transport and homeostasis
Through evolution, K + has been selected to play pivotal roles in many processes in living cells. Potassium is indispensable to plant growth and accounts for up to 10% of plant dry weight (Leigh and Wyn Jones, 1984) . As an essential macronutrient, K + contributes to maintaining the membrane potential and among other physiological processes it is involved in enzyme activation, protein synthesis, photosynthesis, and stomatal movements (Schroeder, 2003; Shabala, 2003; Maathuis, 2009; Blatt et al., 2014) . Available K + is absorbed by plant roots from the soil, where the concentration is often in the submillimolar range (Senadheera et al., 2009) . In contrast, the K + level in plant cells reaches up to 100~200 mM (Rodríguez-Navarro, 2000; Britto and Kronzucker, 2008) . Therefore, efficient uptake systems must operate in plants to accumulate large amount of potassium from the low K + environment. The hypothesis that K + channels may exist in plant cells was first confirmed by electrophysiological approaches in the 1980s (Schroeder et al., 1987) . Since then, molecular biology approaches have aided the identification of a large number of genes encoding K + transport proteins that participate in transport processes, including uptake, translocation, storage, and remobilization (Adams and Shin, 2014; Chérel et al., 2014) , and all of these processes monitor K + homeostasis in plants (Fig. 1 ).
K + uptake by roots
Plants absorb K + mostly from the soil. AKT1 (Arabidopsis K + Transporter 1), an inwardly rectifying K + channel identified more than two decades ago, is expressed highly in the roots and contributes to K + uptake (Hirsch et al., 1998) . akt1 mutants produce a dwarfed phenotype under low K + conditions and display typical K + deficiency symptoms, including short primary roots and leaf chlorosis. Although AKT1 plays a key role in K nutrition under low-K + conditions, the AKT1 mRNA level is not altered by low-K + stress. Furthermore, Xenopus oocytes expressing AKT1 protein did not produce detectable channel activity despite the fact that AKT1 complemented a yeast mutant strain lacking high-affinity K + -uptake systems (Sentenac et al., 1992) . These findings perplexed researchers for 15 years until a regulatory pathway was identified and characterized by two research teams (Li et al., 2006a; Xu et al., 2006; Cheong et al., 2007) . This regulatory pathway entails calcineurin B-like (CBL) calcium sensors functioning together with their interacting kinases (CIPKs) (Luan, 2009; Luan et al., 2009) . When encountering low-K + conditions, calcium signals are produced through activation of NADPH oxidases (Foreman et al., 2003; Shin and Schachtman, 2004; Behera et al., 2016) , followed by interaction of CBL1 and CBL9 with CIPK23, which interacts with and activates the AKT1 channels in plant root hairs . Large K + currents are recorded using a voltage clamp when coexpressing CBL1, CIPK23, and AKT1 from Arabidopsis in the Xenopus oocytes (Li et al., 2006a; Xu et al., 2006) . AKT1 was shown to be phosphorylated by CIPK23, and such phosphorylation is required for the activation of the AKT1 Downloaded from https://academic.oup.com/jxb/article-abstract/68/12/3091/2670565 by guest on 18 June 2018 channel. Furthermore, AIP1, a PP2C-type phosphatase was identified to be a negative regulator of AKT1 activity (Lee et al., 2007) , establishing a reversible pathway of AKT1 regulation by phosphorylation and dephosphorylation. These studies thus established a prototype of ion channel regulation by reversible phosphorylation in plant cells. This regulatory machinery can also be found in other plants, including barley and grape (Boscari et al., 2009; Cuellar et al., 2010) . In rice, one of the world's most important crops, it has been verified that the AKT1 homologue OsAKT1 is critical for K + -uptake and that its activity is modulated by the CBL1-CIPK23 complex in the Xenopus oocyte (Li et al., 2014) . Another line of regulation of AKT1 involves KC1, a Shaker K + channel family member without apparent activity when expressed alone in the oocyte, which may form a heterotetramer with AKT1 and thus inhibit its activity (Duby et al., 2008) . When KC1 and AKT1 are co-expressed (together with CIPK23 and CBL1) in oocytes, the K + current is strongly reduced compared with the control (AKT1 plus CBL-CIPK) (Wang et al., 2010) . SYP121 (also known as PENETRATION1) is a SNARE protein that specifically interacts with KC1 through the N-terminus. In the oocyte, KC1 inhibits AKT1 and reduces the K + currents. However, when SYP121, KC1, and AKT1 are co-expressed in oocytes or in plants, the K + current of AKT1 is rescued. This suggests that SYP121 modulates AKT1 activity through interacting with KC1 (Grefen et al., 2010) . Taken together, these findings suggest that different factors cooperate and interact with AKT1 in a complex manner for the fine-tuning of K + acquisition. While AKT1 mainly mediates K + uptake when external concentrations are between sub-millimolar and millimorlar ranges (Rubio et al., 2010; Nieves-Cordones et al., 2014) , HAK5 (High Affinity K + Transporter 5) appears to be the major transporter responsible for K + uptake when the external level is lower than 10 μM (Rubio et al., 2010 (Rubio et al., , 2014 (Rubio et al., 2008; Nieves-Cordones et al., 2014) . A way to distinguish between the two transporters is to apply NH 4 + to the medium, which inhibits the activity of the AtHAK5 transporter but not AKT1. Thus, when millmolar concentrations of NH 4 + are present (ten Hoopen et al., 2010) , AKT1 plays a dominant role in K + uptake under low-K + conditions despite its low activity under extremely low K + conditions (below 25 μM) (Rubio et al., 2008) . Unlike the AKT1 gene, HAK5 transcription is strongly upregulated under K + starvation conditions. Several transcription factors, such as RAP2.11, DDF2, TFII A, and bHLH121, may bind to the promoter region of HAK5 to regulate the transcription of HAK5 (Kim et al., 2012; Hong et al., 2013) . Post-translational regulation of HAK5 is elaborate. One mechanism is via a change of subcellular localization of HAK5 under different growth conditions (Qi et al., 2008) . HAK5 is found in the endoplasmic reticulum (ER) under K + sufficient conditions but it is relocated to the plasma membrane after K + starvation for 2 days. In addition, recent research has demonstrated that the HAK5 protein can be phosphorylated and activated by CIPK23, which is regulated by upstream CBLs, including CBL1 and 9 (Ragel et al., 2015) . This CBL-CIPK-HAK5 cascade can also be found in pepper and tomato (Ragel et al., 2015) . The CBL-CIPK modules thus play a central role in K + homeostasis in plants, through activating both the high-affinity (HAK5) and low-affinity (AKT1) systems for K + uptake from the soil.
In (Caballero et al., 2012) . However, the genes coding for this elusive K + transport system remain to be identified in higher plants.
K + translocation
After uptake by roots (and particularly root hairs), a portion of K + is distributed to various cells in the roots and the rest is translocated towards the shoots via the xylem vessels, which serve as the highway for long-distance K + translocation. Studies show that K + contributes up to 50% of the inorganic ion concentration in xylem sap (Watson et al., 2001; Siebrecht et al., 2003) . In this process, transporters and channels work to load K + into the the xylem from stellar cells in the roots. Stellar K + Outward Rectifier (SKOR) and Guard cell Outwardly Rectifying K + Channel (GORK) are very similar proteins that belong to the Shaker family K + channels (Gaymard et al., 1998; Ache et al., 2000; Hosy et al., 2003; Liu et al., 2006) . However, they function differently as a result of different expression patterns in Arabidopsis plants. SKOR is mostly expressed in the root stele and is responsible for K + release from stellar cells into xylem sap, and is thus required for K + translocation from roots to shoots (Gaymard et al., 1998) . The gating of SKOR depends on the external K + concentration, with high levels repressing the probability of the gate being open (Johansson et al., 2006; Liu et al., 2006) . Transcription of the SKOR gene is upregulated by H 2 O 2 and salinity (Maathuis, 2006; Garcia-Mata et al., 2010) , whereas the accumulation of transcripts is decreased when plants are exposed to K + deprivation and ABA treatment (Pilot et al., 2003) . In particular, ABA treatment has been shown to strongly reduce SKOR transcription to 10% of the control level (Gaymard et al., 1998; Pilot et al., 2003) . As a critical signaling molecule in drought stress, ABA might inhibit the long-distance transport of K + from root to shoot so that more is retained in the roots for osmotic regulation to adapt to the drought. On the other hand, GORK is preferentially expressed in the guard cells and participates in controlling guard cell turgor and stomatal closure (Ache et al., 2000; Hosy et al., 2003) . AtPP2CA, a PP2C-type phosphatase involved in ABA signaling, interacts with GORK and decreases its activity independently from the phosphorylation status of the GORK protein (Lefoulon et al., 2016) . Connecting ABA signaling to K + -channel activity through regulation by PP2C could also be relevant to SKOR regulation, as discussed earlier.
It has been reported that GORK may mediate K + efflux from Arabidopsis root epidermal cells (Becker et al., 2003; Demidchik et al., 2010) . In addition to GORK, a recent study suggests that K + uptake transporter 6 (KUP6) may also participate in K + efflux from roots (Osakabe et al., 2013) . KUP6 is also expressed in guard cells, and it is phosphorylated by OPEN STOMATA 1 (OST1), a vital kinase in ABA signaling. The kup2 kup6 kup8 and kup6 kup8 gork triple-mutants (KUP2 and KUP8 are homologs of KUP6) display hypersensitivity to drought stress as a result of defects in ABA-induced stomatal closure (Osakabe et al., 2013) , suggesting that KUP6 and its homologs are involved in ABA signaling. Another KUP/HAK/KT-type member, Tiny Root Hair1 (TRH1) was originally identified as a K + transporter that was involved in tip growth in Arabidopsis root hairs (Rigas et al., 2001) . Although trh1 mutant plants were shown to be partially impaired in K + transport and the TRH1 protein was able to complement the yeast mutant defective in high-affinity K + uptake, high external K + concentrations could not restore the defect in the root hair development of the mutant. Further studies showed that exogenous auxin could rescue the trh1 mutant phenotype and TRH1 may thus be associated with the auxin transport system in Arabidopsis roots (Vicente-Agullo et al., 2004) .
It is noteworthy that other transporters and channels have been reported to facilitate K + efflux into xylem sap. However, these transporters are not K + -specific. For example, AtCCC (Cation Chloride Cotransporter), mediates Cl -/K + or Cl -/ Na + co-transport in oocytes (Colmenero-Flores et al., 2007) . This co-transporter is primarily expressed in the vasculature at the xylem/symplast boundary. In rice, the expression of the gene encoding OsCCC1 is significantly enhanced by external KCl treatment, implicating OsCCC1 in Cl -/K + homeostasis (Kong et al., 2011) , but its transporter activity needs to be further studied. The NORC (Non-selective Outwardly Rectifying Current) channel is located at the xylem-parenchyma boundary, as described in barley. The outward current mediated by NORC is non-selective because its activity barely changes when substituting K + with Na + , Rb + , or Cs + (Wegner and Raschke, 1994; Zepeda-Jazo et al., 2008) . Later, it was shown that NORC mediates efflux of not only monovalent cations but also monovalent anions (Wegner and De Boer, 1997) . Therefore, it has been proposed that NORC plays a role in loading monovalent ions (including K + ) into the xylem (Pottosin and Dobrovinskaya, 2014) , but the genes associated with NORC have not yet been classified.
In parallel, K + is transported through the phloem in the opposite direction (compared to upward K + transport in the xylem) for K + recycling from shoots to roots. Nearly half of the K + found in xylem sap is loaded into the phloem for recirculation (Armstrong and Kirkby, 1979; Marschner et al., 1996; Kallarackal et al., 2012) . However, the molecular mechanism underlying this recirculation is poorly understood. A Shaker-type channel, referred to as AKT2, is expressed in the phloem, root stele, and guard cells. AKT2 mediates both K + efflux and influx when expressed in oocytes, suggesting a potential role in shuttling K + between source and sink organs (Lacombe et al., 2000; Dreyer et al., 2001) . One study showed that AKT2 is involved in sucrose loading into phloem sap, possibly through regulating the phloem membrane potential (Gajdanowicz et al., 2011) . Interestingly, the akt2 mutants exhibit growth retardation under K + -sufficient but not K + -deficient conditions. The transport activity of AKT2 is inhibited by PP2CA (Chérel et al., 2002) , the same clade A phosphatase 2C in GORK regulation and ABA signaling. Additionally, a CBL-CIPK module, CBL4-CIPK6, may regulate AKT2 through a phosphorylation-independent process (Held et al., 2011) .
K + storage and remobilization
After potassium is transported into plant cells, it is stored mostly in the vacuole and remobilized for use when external K + is in short supply. Vacuolar K + often ranges from 200 to 500 mM and is important for various physiological responses (Walker et al., 1996; MacRobbie, 2006) , including adaption to K + deficiency and osmotic regulation amongst others. Vacuolar K + sequestration is primarily mediated by the cation/H + antiporter family NHX. NHX proteins were originally defined as Na + /H + exchangers in plants (Blumwald and Poole, 1985) . Independent studies showed that NHX1 and NHX2 are localized at the tonoplast and are essential for K + sequestration into the vacuole in Arabidopsis (Bassil et al., 2011; Barragan et al., 2012) . NHX1 and NHX2 are functionally redundant because only the nhx1/2 double-mutants, but not the single-mutants, show growth retardation and reduced vacuolar K + when compared with wild-type seedlings. The double-mutants also display hypersensitivity to high external K + and the ratio of K et al., 2011) . Vacuolar K + plays a critical role in cell turgor and osmotic regulation. NHX1 and NHX2 are strongly expressed in guard cells, and thus nhx1/2 double-mutants display abnormal stomatal movements. The heavily reduced K + pool (vacuolar K + ) in the double-mutants also leads to defective cell expansion in general and stunted growth in plants. Examination using scanning electron microscopy has revealed a reduced size of both spongy and palisade cells in the leaf (Barragan et al., 2012) . The NHX1/2-dependent vacuolar K + sequestration is critical for K + -homeostasis in plants.
On the other hand, K + is primarily released from vacuole to maintain K + homeostasis in the cytoplasm in response to environmental changes, such as K + deficiency. The tandem pore K + channels (TPKs) may participate in vacuolar K + efflux. Most members of TPK family (TPK1, 2, 3, 5) are localized at the vacuolar membrane (Dunkel et al., 2008) , except for TPK4 that is localized at the plasma membrane (Mouline et al., 2002) . Surprisingly, a recent study indicatds that TPK3 is localized to the thylakoid membrane and plays a role in photosynthesis and plant adaptation to high light (Carraretto et al., 2013) . Further work may be required to confirm the controversial localization of TPK3 at the tonoplast and thylakoid. TPK1, the TPK family member highly expressed in all plant tissues, is considered to be associated with the electrophysiologically identified VK (Vacuolar K + Selective) channel (Bihler et al., 2005) . In tpk1 mutants, stomatal closure is delayed in response to ABA treatment, possibly due to delayed vacuolar K + efflux (Gobert et al., 2007) . TPK1 may bind Ca 2+ through its two EF-hand domains at the C-terminus and can be immediately activated upon calcium elevation under stress conditions (Bihler et al., 2005) . Consistent with this notion, under prolonged salt stress, CPK3 (Ca 2+ dependent protein kinase 3) and GRF6 (14-3-3 protein GF14-λ) cooperate to maintain the vacuolar K + efflux activity of TPK1 to induce a high K + /Na + ratio in the cytosol for salinity stress adaption (Latz et al., 2007 (Latz et al., , 2013 . It is proposed that salt stress induces the elevation of cytoplasmic Ca 2+ , which activates CPK3. The active CPK3 phosphorylates the GRF6 binding motif at the N-terminus of TPK1. Subsequently, GRF6 interacts with the phosphorylated site in TPK1 to trigger K + release. In this process, the CPK3-induced phosphorylation site in TPK1 is essential for the interaction between TPK1and GRF6, and the GRF6-TPK1 interaction is necessary to maintain the K + efflux activity of TPK1. In summary, TPK1 activity is controlled by an elaborate regulatory network involving Ca 2+ , Ca 2+ -dependent kinase, and GRF6. In addition to VK channels (such as TPKs), slow-activating vacuolar (SV) and fast-activating vacuolar (FV) channels may also be responsible for K + release from the vacuole (Furuichi et al., 2001; Peiter et al., 2005; Pottosin and Dobrovinskaya, 2014) . The Ca 2+ -regulated two-pore channel TPC1 may be the SV channel that is permeable to various cations including K + , whose activity can be modified by different luminal cations (Pérez et al., 2008) as well as by various signaling molecules (Pottosin et al., 2009) . FV channel voltage gating is inhibited by micromolar Ca 2+ in the cytosol and activated by high vacuolar K + . It is also suggested that intracellular polyamines could efficiently abolish FV channel activity (Pottosin and Shabala, 2014) . However, so far, genes associated with the FV channel have not been identified and its role in plants is still unknown. In rice, one KT/KUP/HAK member, vacuole-localized OsHAK10, was reported to contribute to K + transport in an E. coli system, but the molecular function of OsHAK10 needs to be studied further (Bañuelos et al., 2002) .
Pi transport and homeostasis
Pi plays pivotal roles in numerous metabolic processes. It is an essential component of DNA and RNA, constitutes the lipid bilayers of cell membranes, and participates in protein reversible phosphorylation. In plant cells, the Pi concentration in the cytosol is 60~80 µM (Pratt et al., 2009) . Normal plant growth and development require more Pi than is typically available in the soil (<10 μM) (Plaxton and Tran, 2011) , implying that plants are generally exposed to a low-Pi environment. Therefore, plants must orchestrate a set of Pi transport mechanisms to overcome Pi starvation and to maintain Pi homeostasis. The Pi transporters are the fundamental effectors involved in uptake, translocation, and storage (Gu et al., 2016) .
Pi uptake
Pi is taken up from the environment by plant roots. Plants can sense Pi availability and thrive in a wide range of concentrations by the operation of Pi uptake systems in root cells. Pi uptake from the soil relies primarily on the PHOSPHOTATE TRANSPORTER 1 (PHT1) family transporters Misson et al., 2004) . This family consists of nine members in Arabidopsis and 13 members in rice. The PHT1 family members are conserved proteins sharing high sequence identities among various plant species (Nussaume et al., 2011) . PHT1s are considered to be Pi/H + co-transporters, with the stoichiometry of the H + /Pi co-transport being 2 to 4. Support for this conclusion comes from the finding that Pi uptake is accompanied by alkalinization of the medium (Sakano, 1990; Ullrich, 1990) . In Arabidopsis, all of the nine PHT1 members are expressed in the root, especially in the root-hair zone. Transcripts of PHT1;1 and PHT1;4 are the most abundant among all nine members under Pi-deficient conditions, and they play a predominant role in Pi acquisition . Pi uptake efficiency decreases by 30% in the pht1;1 single-mutant and declines by 60% in the pht1;1pht1;4 double-mutant . Furthermore, PHT1;1 and another two family members, PHT1;2 and PHT1;3, are functionally redundant as shown by artificial microRNA (amiRNA) targeting (Ayadi et al., 2015) . In rice, except for OsPHT1;3/5/7/12, which are not well studied, all the other PHT1 members (OsPHT;1/2/4/6/8/9/10/11/13) are involved in Pi uptake (Ai et al., 2009; Jia et al., 2011; Yang et al., 2012; Sun et al., 2012; Wang et al., 2014b; Ye et al., 2015; Zhang et al., 2015) . Interestingly, the Pi analog arsenate [As(V)] can also be transported by phosphate transporters such as PHT1s. These phosphate transporters thus serve to shuttle the toxic As(V) into plant cells. It has been shown that PHT1;1 transcripts are down-regulated by As(V). Indeed, the pht1;1 mutants are less sensitive to As(V) when compared with wild-type seedlings (Catarecha et al., 2007; Castrillo et al., 2013) . Another As(V) tolerance mechanism involves PHT1;1, which is delocalized from the plasma membrane and sorted into endosomes for degradation in the vacuole when the seedlings are exposed to As(V) toxicity. The transporter is relocated to the plasma membrane when As(V) is removed from the medium, demonstrating a dynamic process that plants have evolved to resist As(V) toxicity through changing the localization of the phosphate transporter at the subcellular level (Castrillo et al., 2013) . Regulatory mechanisms of the PHT1 family Pi/H + co-transporters in response to various Pi conditions are elaborate and act at multiple levels (Fig. 2) .
At the epigenetic level, ACTIN RELATED PROTEIN 6 (ARP6) and INOSITOL PENTAKISPHOSPHATE2 KINASE 1 (IPK1) are associated with the deposition of H2A.Z histone variants onto chromatin (Smith et al., 2010; Kuo et al., 2014) . Many PSR (phosphate-starvation response) genes including PHT1s are upregulated in apr6 and ipk1 mutants, suggesting that H2A.Z histones on chromatin inhibit transcription activity. At the transcription level, PHT1s are regulated by several members of the WRKY transcription factor (TF) family. The WRKY TFs recognize and bind to W-box motifs to either activate or inhibit gene expression. WRKY42 upregulates the expression of PHT1;1 under Pi-sufficient conditions (Su et al., 2015) . On the other hand, WRKY45 up-regulates PHT1;1 to enhance Pi uptake under Pi deficiency (Wang et al., 2014a) . WRKY6 inhibits PHT1;1 expression in response to toxic levels of As(V) and overexpression of WRKY6 could enhance As(V) resistance (Castrillo et al., 2013) . Phosphate-starvation response 1 (PHR1), which is a MYB-type TF, plays a central role in the Pi-starvation response and upregulates various PSR genes including PHT1s (Rubio et al., 2001; Nilsson et al., 2007) . SIZ1, a small ubiquitin-like modifier (SUMO) E3 ligase, induces the sumoylation of PHR1, which in turn activates the transcription of IPS1 (INDUCED BY Fig. 2 . Regulation of PHT1-family transporters at multiple levels, including modification of chromatin, activation/inhibition of transcription, and posttranslational control.
Downloaded from https://academic.oup.com/jxb/article-abstract/68/12/3091/2670565 by guest on 18 June 2018 PHOSPHATE STARVATION1) in Arabidopsis. So SIZ1 is considered to be a PHR1 activator (Miura et al., 2005) . In contrast, AtSPX1 (OsSPX1/2 in rice), a nuclear protein induced by Pi starvation, acts as an inhibitor to antagonize the action of PHR1 by physically interacting with AtPHR1 (OsPHR2 in rice), thereby blocking the binding of PHR1 to its target gene promoters (Puga et al., 2014; Wang et al., 2014c) . OsSPX4 is localized in the cytosol and interacts with OsPHR2 to inhibit its transport into the nucleus (Lv et al., 2014) . In addition, PHR1 upregulates the expression of miR399, a microRNA gene that induces mRNA cleavage of PHO2, an E2 conjugase involved in the degradation of the PHT1;4 protein (Bari et al., 2006; Liu et al., 2014) . Interestingly, miR399 may serve as a long-distance signal that travels from shoots to roots to maintain Pi homeostasis at the whole-plant level under low-Pi conditions. Specifically, shoot-derived miR399 is produced in response to Pi starvation and moves down to the roots to enhance the degradation of PHO2, leading to enrichment of PHT1;4 and PHO1 (Fig. 3) for maintaining Pi uptake and translocation from the roots to the shoots . Furthermore, Pi starvation induces the expression of the non-coding RNA genes IPS1/AT4 by PHR1 that maintain the accumulation of miR399 at an appropriate level for Pi homeostasis (Shin et al., 2006; Franco-Zorrilla et al., 2007) . IPS1 and AT4 both contain a 23-nt-long motif with sequence complementarity to miR399, mimicking the targets of miR399 to serve as a decoy for them. In this way, IPS1 and AT4 inhibit the degradation of PHO2 by buffering the level of miR399. Another Pi-deficiency-induced microRNA, miR827, cleaves the transcripts of NLA (NITROGEN LIMITATION  ADAPTION) precisely at the 5´UTR region. NLA, an E3 ligase, controls the ubiquitin-dependent degradation of PHT1s (PHT1;1/2/3/4) (Lin et al., 2013) . Although it is suggested that PHO2 E2 conjugase may recruit NLA E3 ligase for the degradation of PHT1;4 (Park et al., 2014) , this is still under debate as PHO2 and NLA have different subcellular localizations.
At the post-translational level, one of the regulatory processes of Pi transport may take place during subcellular protein trafficking. PHF1 (PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1) is a Pi-starvation-induced factor that facilitates the trafficking of PHT1s (PHT1;1, PHT1;2, and PHT1;4) from the endoplasmic reticulum (ER) to the plasma membrane (PM) (González et al., 2005; Bayle et al., 2011) . PHF1 is universally expressed in plants and its loss-of-function affects Pi transport and accumulation. A recent study has shown that PHF1-dependent trafficking of PT8 (a rice PHT1 member) is blocked when PT8 is phosphorylated by a casein kinase (CK2alpha3/ beta3) in rice (Chen et al., 2015) . A cytosolic protein, ALIX, was found while screening for suppressors of the phr1 mutant under low Pi concentrations. ALIX interacts with the ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT-III (ESCRT-III), which mediates conversion of endosomes into multivesicular bodies (MVBs). Under Pi-sufficient conditions, PHT1;1 is re-localized from the PM and sorted by MVBs to the vacuole for degradation to maintain Pi homeostasis in plant cells. This sorting process is associated with ALIX and its interacting protein ESCRI-III. The Pi homeostasis in the alix mutant is altered because of increased Pi uptake by PHT1;1 that fails to relocate to the vacuole under Pi-sufficient conditions (Cardona-López et al., 2015) .
Pi translocation
Once taken up by roots, Pi is transported into the vascular system for long-distance translocation to the shoots. In Arabidopsis, although PHT1;8/9 are implicated in the Pi uptake process (Remy et al., 2012) , recent work suggests that they are serving Pi allocation from roots to the shoot (Lapis- Gaza et al., 2014) . The pht1;8 pht1;9 double-mutant has a lower Pi content in shoots as compared to control seedlings under low Pi conditions, but Pi uptake by the roots is not impaired. The transcripts of PHT1;8 and PHT1;9 were increased in the pho2 mutant (Bari et al., 2006; Rouached et al., 2011 ), but it is not known whether PHT1;8/9 are the direct targets of PHO2. In rice, OsPHT1;2/6 were identified to participate in the Pi translocation from roots to shoots (Ai et al., 2009) . Several types of Pi transporters contain an evolutionally conserved SPX domain [named after Syg1 (Suppressor of Yeast gpa1), Pho81 (yeast Phosphatase 81), and Xpr1 (human Xeno-tropic and Polytropic Retrovirus receptor 1)] that has recently been defined as a 'Pi sensing' domain (Wild et al., 2016) . The crystal structure suggested that this domain potently perceives inositol polyphosphates (InsPs) as signaling molecules, whose concentrations are usually proportional to cellular Pi (Wild et al., 2016) . SPX-containing proteins are divided into four subfamilies in plants according to the different C-terminal domains: SPX, SPX-RING (Really Interesting New Gene), SPX-MFS (Major Facilitator Superfamily), and SPX-EXS (ERD1/XPR1/ SYG1) (Secco et al., 2012) . PHO1, a member of SPX-EXS subfamily, appears to function in Pi loading into the xylem sap and thus plays a major role in Pi translocation from roots to shoots (Hamburger et al., 2002) . The atpho1 single-mutant displays growth retardation with a severe decline of the Pi content in the shoots. AtPHO1 is mainly expressed in the pericycle of roots and the protein is localized to the Golgi and TransGolgi Network (TGN). The EXS domain of the PHO1 protein contributes to transport properties and to appropriate localization to the Golgi and TGN (Arpat et al., 2012; Hamburger et al., 2002) . AtPHO1;H1, one of the AtPHO1 homologs that consist of ten members (AtPHO1;H1~H10) in Arabidopsis, also serves as a Pi efflux protein and plays a role in Pi translocation from roots to shoots (Stefanovic et al., 2007) . Although the atpho1;h1 single-mutant, unlike the atpho1 mutant, does not show any phenotypic defects, AtPHO1;H1 is the only member among the ten AtPHO1 homologs that can complement the atpho1 mutant phenotype when it is expressed under the control of the AtPHO1 promoter. Furthermore, the atpho1/atpho1;h1 doublemutant exhibits a lower Pi xylem-loading efficiency than the atpho1 single-mutant, suggesting that PHO1 and PHO1;H1 both work in transferring Pi to shoots. Further analysis indicates that AtPHO1;H1 is upregulated by PHR1 under low Pi conditions. Expression of PHO1 is also up-regulated under Pi-starvation, however, through a PHR1-independent process (Stefanovic et al., 2007; Chen et al., 2009) . In addition to transcriptional regulation, PHO1 is also regulated at the post-transcriptional and post-translational levels. A recent study demonstrated that PHO2 E2 conjugase is essential for degradation of PHO1, as the accumulation of the PHO1 protein is enhanced in the pho2 mutant (Liu et al., 2012) . Interestingly, PHO1;2 in rice is regulated by the cisnatural antisense transcript (cis-NAT), a non-coding RNA, at the translational level (Jabnoune et al., 2013) . It is estimated that up to 30% of genes in eukaryotes have cis-NAT partners (Wang et al., 2005; Li et al., 2006b ). The expression patterns of cis-NAT PHO1;2 and OsPHO1;2 overlap, both of which are detected in the vascular cylinder in roots and shoots. However, cis-NAT PHO1;2 is strongly induced under low Pi conditions, but OsPHO1;2 is not. Overexpression of cis-NAT PHO1;2 enhances the accumulation of the OsPHO1;2 protein and promotes Pi translocation from roots to shoots (Li et al., 2006b) .
On the other hand, Pi recycling from source (old leaves) to sink (young leaves and roots) is significant for plant adaption to nutrient limitation (including Pi-deficient condition). In Arabidopsis, it has been demonstrated that more than half of the stored Pi could be mobilized from old leaves (Himelblau and Amasino, 2001 ). However, the transporters in the Pi recycling process are poorly understood. PHT1;5 may play a part in this process because pht1;5 mutants display higher Pi content in leaves and lower Pi content in roots under Pi-replete conditions. Correspondingly, the overexpression lines of PHT1;5 showed lower Pi in leaves and higher Pi in roots (Nagarajan et al., 2011) . In rice, OsPHT1;8 was shown to be involved in Pi distribution from source to sink, including from old to young leaves and from the endosperm to the embryo; both processes are important for plant growth and development when Pi is deficient (Li et al., 2015) . In barley, HvPHT1;6 shows Pi transport activity in Xenopus oocytes and is strongly expressed in old leaves and phloem vascular bundles, indicating that it may mediate Pi recycling from old leaves (Rae et al., 2003; Preuss et al., 2010) . The molecular mechanism of the Pi recycling process needs to be further studied.
Pi storage and remobilization
The availability of Pi in the soil is constantly changing, requiring plants to adapt by a variety of mechanisms. One critical mechanism is to store excessive Pi in the cellular compartments and to remobilize it from these stores when needed. The central vacuole of many plant cells is a major organelle for Pi storage. Experimental data have indicated that the Pi concentration in the vacuole (>10 mM) is much higher than that in the cytosol (55~80 µM) (Pratt et al., 2009) , raising a question how plant cells manage to store Pi into the vacuole against this steep concentration gradient. There must be Pi influx transporters in the tonoplast for enrichment in the vacuole when there is sufficient Pi in the environment. On the other hand, when facing low Pi in the soil, vacuolar Pi efflux should be activated to meet the demand of metabolism in the cytoplasm. Such efflux may be mediated by transporters in the tonoplast as well. Therefore, the vacuole works as a reservoir to maintain phosphate homeostasis in the plant cell, and the tonoplast Pi transporters play a critical role in this dynamic process. Several recent reports describe a family of SPX-MFS domain proteins and their function in vacuolar Pi transport. The VACUOLAR PHOSPHATE TRANSPORTER 1 (VPT1) (Liu et al., 2015 (Liu et al., , 2016a or PHT5;1 (Liu et al., 2016b) serves as the major Pi influx transporter for accumulation into the vacuolar lumen.
The vpt1 mutant of Arabidopsis shows a decrease in Pi content and a hypersensitivity to high Pi stress. Overexpression of VPT1/PHT5;1, PHT5;2, PHT5;3, and OsSPX-MFS1 leads to an increase in Pi content of transgenic Arabidopsis plants (Liu et al., 2016a, b) . Using patch-clamping across the tonoplast, Liu et al. (2015) detected large Pi currents mediated by VPT1. Although Pi transport through VPT1 produces a typical current that is reminiscent of those produced by anion channels, such currents can also be produced by Pi/H + antiporters that facilitate Pi influx in exchange for H + efflux, a perfect combination for generating a large electrical current across the tonoplast. Considering the large Pi gradient across the tonoplast (low on the cytosolic side), a Pi/H + antiporter activity is more likely associated with the VPT1 family Pi transporters. Further work is required to determine whether the VPT1 protein is a typical anion channel in plants. Moreover, a large amount of Pi absorbed by plants is translocated to the seeds, where Pi is metabolized into the form of phytic acid and deposited in the storage vacuoles (Otigui et al., 2002) , probably through a ABC-MRP-type phytic acid transporter (Shi et al., 2007) . With regards to vacuolar Pi efflux for remobilization, little information is available except for a recent study indicating that a member of the SPX-MFS family in rice appears to be functional in Pi efflux from the vacuole (Wang et al., 2015) . Other types of unknown transporters may also be involved in vacuolar Pi efflux. In addition to the vacuole, other organelles may serve as cellular Pi stores. These include chloroplasts and mitochondria, which both harbor a moderately high Pi concentration (4~7.2 mM) (Pratt et al., 2009) . Members of PHT2, PHT3, and PHT4 family transporters are typically localized in the plastids, mitochondria, or trans-Golgi network (Mlodzinska and Zboinska, 2016) . For example, PHT2;1, a chloroplastlocalized Pi transporter, has transport activity in the yeast complementation assay. The pht2;1 mutants display lower Pi content in leaves as compared to wild-type seedlings, indicating less Pi is transported into the chloroplasts (Versaw and Harrison, 2002) . It is also proposed that PHT2;1 participates in Pi allocation from old leaves to young leaves under lowPi conditions, but the mechanism is not clear (Versaw and Harrison, 2002) . Three phosphate transporters in mitochondrial membranes have been identified to be PHT3;1, PHT3;2, and PHT3;3 (Takabatake et al., 1999; Poirier and Bucher, 2002; Hamel et al., 2004) . The overexpression lines of PHT3s (PHT3;1, PHT3;2, PHT3;3) affect the accumulation of ATP in response to salt stress (Zhu et al., 2012) , but the mechanism has not been clearly depicted. A recent study showed that PHT4;6, a trans-Golgi-located Pi transporter, is involved in Pi homeostasis in the cytosol and affects plant growth especially during dark-induced senescence (Hassler et al., 2012 (Hassler et al., , 2016 . Future studies are required to fully understand the function of these Pi transporters in organelles other than the vacuoles.
Future perspectives
The transport routes of K + and Pi (and other mineral nutrients) are quite similar: they enter roots from the soil, translocate from roots to shoots through the xylem, mainly accumulate in the vacuole of sink cells, and recycle from shoots to roots if needed. In these processes, various transport systems are required to work together to maintain nutrient homeostasis. To establish the knowledge platform required for genetic engineering of high NUE in crops, we must completely understand the transport and regulation mechanisms along each step of the transport pathways. Although some processes are partially understood, most of them await significant progress in the future. We put forward a few emerging areas that demand attention.
(1) Transport machineries for phloem loading of mineral nutrients (K and P included) are largely under-explored. Nutrients in plants are dynamically distributed based on the overall network of allocation and demand. When plants are mature and senescing, nutrients from older organs such as leaves are often recycled to the younger ones to meet the need of new growth, compensating for limited uptake from roots (Leopold, 1961; Raghothama, 2000; Himelblau and Amasino, 2001) . For perennials and woody plants, such recycling is particularly important for growth over different seasons. Some perennial grasses such as Miscanthus and switchgrasses feature a sufficient recycling program of mineral nutrients that requires little addition of minerals to the soil (Beale and Long, 1997; Schwartz and Amasino, 2013) . Such traits are just what crops need to be sustainable in the future. However, the molecular mechanisms underlying nutrient recycling in perennial grasses remain completely unknown. Tapping into these mechanisms will be particularly important for developing sustainability of crop production in the future, especially with regards to limited resources of K and P fertilizers.
(2) Research on the regulation of K + and Pi transporters is still in its infancy. All transporters and channels in a cell are like windows and doors in a room, and their opening and closing should be highly regulated by internal and external signals. Such regulation can occur at different levels. Research advances over the years have revealed that Ca 2+ -dependent CBL-CIPK modules play the central role in ionic homeostasis in plants, including K + , Na + , NO 3 − , Mg 2+ , and Fe 2+ (Li et al., 2006a; Xu et al., 2006; Kim et al., 2007; Ho et al., 2009; Tang et al., 2015; Tian et al., 2016) . Such regulation entails different CBL-CIPK modules that target distinct transporters in the plasma membrane or tonoplast to control ionic fluxes in a plant cell and homeostasis at the whole-plant level. Most of the studies on Pi transporters focus on regulation at the transcriptional level, subcellular trafficking, and ubiquitination. It is likely that Pi transport is also regulated by reversible protein phosphorylation, which remains to be elucidated. Furthermore, some transporters exhibit dual-affinity transport modes that could be switched by phosphorylation. For example, the dual-affinity nitrate transporter CHL1/NRT1.1 is regulated by the CBL1/9-CIPK23 complex; phosphorylated and de-phosphorylated CHL1 turn out to be high-and low-affinity nitrate transporters, respectively (Ho et al., 2009 ). It will be interesting to determine whether some of the K + or Pi transporters could be regulated in a similar manner by the versatile CBL-CIPK modules, thus representing a common means of ion sensing in plants. In addition, many K + and Pi transporters are expressed constitutively in plants. How their activities could rapidly respond to constantly changing environments remains an open question.
(3) Plant nutrient use efficiency largely relies on mechanisms underlying 'nutrient balance'. Metabolic processes in plant cells are dynamic, requiring a constantly changing and yet precise supply and balance of mineral nutrients that are often essential co-factors for enzymes. Some of the minerals cooperate to function in similar processes and others are antagonistic to each other. Such cooperation and antagonism may also operate during their uptake and transport, for example with Pi/Na (Reid et al., 2000; Rubio et al., 2008; Kant et al., 2011; Rouached, 2011; Castrillo et al., 2013; Bassil and Blumwald, 2014) . Furthermore, there may be shared regulatory mechanisms that control the uptake/transport of different mineral nutrients. Taking K, P, and N as an example, these abundant mineral nutrients have different functions in plants, but they may share common mechanisms for the regulation of their homeostasis. The relationship between Pi and N homeostasis has been proposed in the context of the miR827-NLA network (Kant et al., 2011) . Pi displays an antagonistic role against nitrate but not ammonium, and NLA is involved in nitrate-dependent Pi homeostasis in plants. The nla mutant exhibits early senescence under low NO 3 − conditions because of more Pi uptake (Kant et al., 2011) . The K/N interaction is more complicated because different nitrogen sources, namely ammonium and nitrate, have different effects on K + accumulation. In Arabidopsis and barley, K + influx via the high-affinity transport system is severely inhibited by NH 4 + , presumably resulting from direct competition between NH 4 + and K + for the same K + transporters and channels (ten Hoopen et al., 2010) . Although rice plants are relatively tolerant to NH 4 + , they also display considerable growth retardation and disruption of K + homeostasis in a high NH4 + and low K + regime, whereas they are able to efficiently recover from NH4 + inhibition when the external K + level is in the millomolar range (Szczerba et al., 2008) . On the other hand, NO 3 − translocation is coordinated with K + transport and facilities K + homeostasis in plants, as is evidenced by several recent studies showing that the nitrate transporters NRT1.5 and OsNPF2.4 are important for NO 3 − -dependent K + translocation from root to shoot tissues (Drechsler et al., 2015; Xia et al., 2015; Meng et al., 2016) . In this regard, K + transport and distribution within the plant body may partially rely on the concomitant movement of counter-anions such as NO 3 − in order to maintain the cation-anion charge balance. It would be interesting to test whether K + and Pi also have a similar cross-talk through the interaction of relevant transporters. Moreover, the same CBL-CIPK (including CIPK23) network appears to regulate both K + uptake and NO 3 − transport and sensing (Ho et al., 2009) . CIPK23 is also among the CIPKs that regulate Mg 2+ homeostasis (Tang et al., 2015) . It will require future work to find out how similar signaling pathways regulate homeostasis of different minerals. Many years ago, researchers reported that K + can enhance the Pi uptake in yeast under low pH (Schmidt et al., 1949; Goodman and Rothstein, 1957) , but the K + /Pi interaction has not been explored in higher plants. We would like to raise the possibility that Pi and K + may also share common mechanisms for the regulation of their uptake and/or transport. One such mechanism may involve the CBL-CIPK network, which potentially regulates not only K + homeostasis but also Pi homeostasis. This missing link awaits future discovery.
In summary, an understanding of the full genetic network that controls homeostasis and use efficiency of K + and Pi in plant cells will enable engineering and breeding of high NUE traits in crops, achieving high crop yield without heavy use of fertilizers, thus sustaining agriculture as well as resulting in a cleaner environment. Gajdanowicz P, Michard E, Sandmann M, et al. 2011. Potassium (K + ) gradients serve as a mobile energy source in plant vascular tissues. Proceedings of the National Academy of Sciences, USA 108, 864-869.
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